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ABSTRACT Coronaviruses efficiently inhibit interferon (IFN) induction in nonhematopoietic cells and conventional dendritic cells 
(cDC). However, IFN is produced in infected macrophages, microglia, and plasmacytoid dendritic cells (pDC). To begin to understand 
why IEN is produced in infected macrophages, we infected bone marrow-derived macrophages (BMM) and as a control, bone marrow- 
derived DC (BMDC) with the coronavirus mouse hepatitis virus (MHV). As expected, BMM but not BMDC expressed type I IFN. IFN 
production in infected BMM was nearly completely dependent on signaling through the alpha/beta interferon (IFN-a/f) receptor 
(IFNAR). Several IFN-dependent cytokines and chemokines showed the same expression pattern, with enhanced production in BMM 
compared to BMDC and dependence upon signaling through the IFNAR. Exogenous IFN enhanced IFN-dependent gene expression in 
BMM at early times after infection and in BMDC at all times after infection but did not stimulate expression of molecules that signal 
through myeloid differentiation factor 88 (MyD88), such as tumor necrosis factor (TNF). Collectively, our results show that IFN is pro- 
duced at early times postinfection (p.i.) in MHV-infected BMM, but not in BMDC, and primes expression of IFN and IFN-responsive 
genes. Further, our results also show that BMM are generally more responsive to MHV infection, since MyD88-dependent pathways 
are also activated to a greater extent in these cells than in BMDC. 


IMPORTANCE Coronaviruses cause diseases with various degrees of severity in humans, including severe acute respiratory syn- 
drome (SARS). In domestic and companion animals, coronaviruses induce interferon (IFN) in only a few cell types. In particular, 
macrophages, which are known to have both protective and pathogenic roles in coronavirus infections, express IFN while den- 
dritic cells do not. Little is known about the basis of these cell-specific differences in IFN induction. Here, we show that an ani- 
mal coronavirus, mouse hepatitis virus, induces IFN and other IFN-responsive molecules in macrophages, but not in dendritic 
cells, via a feedback loop that is dependent upon low-level IFN expression at early times after infection. This pathway of cellular 
activation may be a useful target for modulating macrophage function in order to selectively enhance the antivirus immune re- 


sponse and diminish the pathogenic role of these cells in SARS and other coronavirus infections. 
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ype | interferon (IFN), alpha/beta interferon (IFN-a/B), plays a 
“ critical role during the initial antivirus immune response. Type I 
IFNs directly inhibit viral replication by creating an “antiviral state” 
by upregulating interferon-responsive genes, such as the genes en- 
coding 2',5'-oligoadenylate synthetase, RNase L, and Mx protein, 
and they are also critical for activating and regulating the adaptive 
immune response (1, 2). The importance of the type I IFN response 
during viral infection is reflected by the fact that most viruses express 
IFN antagonists that are able to suppress IFN pathways at the level of 
IFN production or signaling or that directly interact with antiviral 
IFN-responsive genes (reviewed in references 3 to 5). Type I IFN 
production is initiated after recognition of pathogen-associated mo- 
lecular patterns (PAMPs), such as viral double-stranded RNA 
(dsRNA), by host cell pathogen recognition receptors (PRRs). There 
are two major types of PRRs that induce IFN production, cytoplasmic 
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RNA helicases, including retinoic acid-inducible gene I product 
(RIG-I) and melanoma differentiation-associated gene 5 product 
(MDAS), and Toll-like receptors (TLRs), including Toll-like receptor 
2 (TLR2), TLR3, TLR4, TLR7, TLR8, and TLR9 (6). Almost all cells 
express type I IFN receptor, which allows them to respond to IFN, 
and are able to produce various amounts of type I IFN during viral 
infections. In particular, plasmacytoid dendritic cells (pDC) produce 
large amounts of alpha interferon (IFN-a) during early stages of the 
inflammatory response. Conventional dendritic cells (cDC) and 
macrophages also express type I IFN, although not to the same extent 
as pDC do (7). 

Coronaviruses are large, positive-sense, single-stranded RNA 
viruses that cause clinically significant diseases in humans and 
domestic and companion animals (8). All coronaviruses encode 
four or five structural proteins, approximately 16 replicase- 
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associated proteins, and one to eight accessory proteins (proteins 
interspersed between or within structural proteins encoded at the 
3’ end of the genome). SARS-CoV (severe acute respiratory syn- 
drome coronavirus) accessory proteins ORF3b and ORF6, mouse 
hepatitis virus (MHV) accessory protein ORF5a, MHV and SARS- 
CoV nucleocapsid (N) proteins and replicase-associated non- 
structural protein 1 (nsp1) and nsp3 are all able to inhibit IFN 
induction and/or signaling (9-15) (reviewed in reference 16). In 
addition, MHV delays IFN-stimulated gene (ISG) induction by 
IEN or Sendai virus (SenV) (17). Further, in some cell types, in- 
cluding fibroblasts and cDC, neither SARS-CoV nor MHV in- 
duces IFN expression. However, neither virus is able to prevent 
IFN induction by other viruses or by poly(I - C), which suggests 
that these viruses are “invisible” to intracellular IFN sensors (18, 
19). This “passive” method of immune evasion may occur because 
coronaviruses replicate on membranous structures, including 
double-membrane vesicles, thereby limiting exposure of seques- 
tered RNA to innate immune sensors (18-20). On first glance, 
these results appeared to contradict the observation that type I 
IFNs are detected in MHV-infected mice and in patients with 
SARS (21, 22). However, IFN is induced in pDC by a TLR7- and 
interferon regulatory factor 7 (IRF7)-dependent pathway, in mac- 
rophages and microglia in an MDA5-dependent pathway, and in 
oligodendrocyte cell lines via MDA5- and RIG-I-dependent path- 
ways (23-25). Collectively, these results show that coronaviruses 
use multiple approaches to evade the innate immune response 
and that the extent and nature of evasion are cell type dependent. 
The basis of these cell type-specific differences in IFN expression 
after coronavirus infection is not well understood. 

Both macrophages, in which IFN is induced, and DC, in which 
IEN is not induced, are important target cells for several coronavi- 
ruses. DC in particular are critical for initiation of the antivirus T- and 
B-cell responses, which are ultimately critical for virus clearance. In- 
fection of DC and macrophages likely contributes to the development 
of effective innate and adaptive immune responses, but macrophage 
infection, in the case of some coronaviruses, also contributes to im- 
munopathological disease and enhanced lethality (26, 27). Macro- 
phage infection has been demonstrated in infected humans or ani- 
mals (28-30), and both types of cells are readily infected with 
coronaviruses after culture in vitro (24, 31, 32). 

Here, we cultured primary bone marrow (BM) cells in vitro in 
the presence of cytokines and growth factors, resulting in differ- 
entiation into cells with the characteristics of macrophages 
(BMM, cultured in the presence of macrophage colony- 
stimulating factor [M-CSF]; CD11b* CD11c7) or dendritic cells 
(BMDGC, cultured in the presence of granulocyte-macrophage 
colony-stimulating factor [GM-CSF] and interleukin-4 [IL-4]; 
CD11b* CD11c*). Using these cells, we showed that most of the 
IFN produced after MHV infection was dependent on signaling 
through the IFN-a/B receptor (IFNAR). This IFN was critical for 
virus-induced upregulation of several IFN-related molecules, in- 
cluding MDAS5, RIG-I, and CXCL10 (chemokine [C-X-C motif] 
ligand 10). Further, levels of type I IFN produced in MHV- 
infected BMM were sufficient to induce maximal activation, since 
exogenous type I IFN treatment did not further stimulate IFN- 
related gene upregulation at late times postinfection (p.i.). Our 
results also showed that the expression of some inflammation- 
associated molecules, most notably tumor necrosis factor (TNF), 
IL-12, and IL-6, was mediated, in large part, via signaling through 
myeloid differentiation factor 88 (MyD88)-dependent pathways. 
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FIG 1 Mouse hepatitis virus (MHV)-infected bone marrow-derived macro- 
phages (BMM) produce type I IFN at late times p.i. (A) BMM or bone marrow- 
derived dendritic cells (BMDC) were infected with MHV or Sendai virus 
(SenV), and IFN protein levels were determined using a VSV-based IFN bio- 
assay at the indicated times (in hours) postinfection (p.i. ). BMM-MHV, BMM 
infected with MHV; BMDC-MHV, BMDC infected with MHV. (B) MHV- 
induced IFN production in panel A is shown using an enlarged scale. (C) BMM 
were infected with MHV or SenV, and IFN-B mRNA levels were measured by 
real-time qPCR. Cycle threshold (C;) values were calculated as a ratio to hy- 
poxanthine phosphoribosyltransferase (HPRT) as described in Materials and 
Methods. (D) MHV titers in supernatants were determined as previously de- 
scribed (52). Two or three replicates were performed in each experiment, and 
one of three independent experiments is shown. 


RESULTS 

MHV-infected BMM produce type I IFN at late times p.i. We 
previously showed that neither BMDC nor fibroblasts produce type I 
IFN after infection with the JHM strain of MHV (JHMV), and others 
have found similar results using the A59 strain (MHV-A59) (18, 19, 
23, 33). For the experiments described here, we used only MHV-A59 
(MHV) because this virus grows to high titer and forms syncytia at 
later times postinfection (p.i.) than JHMV, allowing prolonged cell 
survival. Roth-Cross et al. showed that BMM produced type I IFN 
after MHV infection, but only late times p.i. (24h p.i.) were examined 
in that initial study (24). To determine the kinetics of IFN expression, 
we infected BMM or BMDC with MHV and then measured IFN-B 
mRNA and IFN protein levels at different times p.i. by real-time 
quantitative PCR (qPCR) and by an IFN bioassay, respectively. Sen- 
dai virus (SenV) was included as a positive control, since it is known 
to induce IFN. SenV-infected BMM rapidly upregulated IFN expres- 
sion with protein detected as early as 2 h p.i., and peak levels observed 
at approximately 8 h p.i. (Fig. 1A). In contrast, MHV-infected BMM 
produced IFN much more slowly with levels of IFN-B mRNA or IFN 
protein barely detectable at 8 h p.i. Peak levels of IFN-B mRNA and 
protein were reached at 16 to 24h p.i. (Fig. 1A to C). Maximal IFN 
protein levels were approximately 20- to 25-fold lower in MHV- 
infected cells than in SenV-infected cells (Fig. 1A and B). Although 
the IFN protein levels were much lower in MHV-infected BMM than 
in SenV-infected cells, IFN-8 mRNA levels were higher in MHV- 
infected cells (Fig. 1A to C; see also Fig. 3C and E). This likely resulted 
from MHV-mediated inhibition of host cell translation, observed in 
MHV-infected fibroblasts (11, 14, 34, 35). Consistent with previous 
findings (23, 32, 33), we detected less than 3 U/ml of IFN in MHV- 
infected DC at 24h p.i. (Fig. 1B). These results did not reflect differ- 
ences in the ability of the two cell types to produce IFN, because DC 
rapidly produced IFN after SenV infection and peak IFN protein lev- 
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FIG 2 MHV upregulates MDAS5 and RIG-I expression to higher levels in 
BMM than in BMDC. (A) Basal mRNA levels of MDA5 and RIG-I in mock- 
infected BMM and BMDC were measured by real-time qPCR. Values that are 
significantly different (P < 0.05) from the value for BMM are indicated by an 
asterisk. (B and C) mRNA levels of MDA5 and RIG-I in BMM (B) and in 
BMDC (C) at different times p.i. were measured by real-time qPCR. Cr ratios 
to HPRT were calculated as described in Materials and Methods. MDA5 and 
RIG-I were upregulated to a greater extent in BMM than in BMDC (note the 
differences in scale). Two or three replicates were performed in each experi- 
ment, and one of three independent experiments is shown. 


els were only 2-fold less in SenV-infected BMDC than in BMM 
(Fig. 1A). Of note, both BMM and BMDC were readily infected by 
MHY, although virus replication proceeded more rapidly in BMM, 
with syncytium formation detected as early as 6 h p.i. and peak viral 
titers observed at 8 to 12 h p.i. MHV reached maximal virus titers in 
BMDC that were approximately 1 log unit higher than in BMM 
(Fig. 1D). 

MHV-induced upregulation of type I IFN, MDAS, and RIG-I 
in BMM is dependent on IFNAR. To begin to investigate why 
BMM but not BMDC produced IFN after MHV infection, we 
examined the levels of MDAS, since this intracellular helical sen- 
sor is required for IFN induction in BMM (24). Basal levels of 
MDAS mRNA in mock-infected BMM were approximately 2-fold 
higher than in BMDC (Fig. 2A). After infection with MHV, MDA5 
levels were upregulated with similar kinetics in BMM and BMDC; 
however, levels in BMM were about 20 to 30 times higher than in 
BMDC at 24h p.i. (Fig. 2B and C). Similar changes in expression 
of a second intracellular sensor molecule, RIG-I, were also ob- 
served. RIG-I is not believed to be critical for IFN production in 
MHV-infected BMM, although it has an important role in cells 
such as oligodendrocytes (25). 

Type I IFN mediates enhanced expression of MDA5 and RIG-I 
(36). Thus, elevated baseline levels of MDA5 and RIG-I in MHV- 
infected BMM (Fig. 2A) might facilitate enhanced IFN production 
at early times p.i., which could then result in increased MDA5 and 
RIG-I expression after signaling through IFNAR. To examine this 
possibility, we cultured BMM from wild-type and IFNAR~/— 
mice. We included BMM from MyD88~/~ mice in these experi- 
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FIG 3 MHV-induced upregulation of IFN-B, MDAS5, and RIG-I in BMM is 
dependent on IFN-a/B receptor (IFNAR). BMM isolated from WT, 
IFNAR~/-, or MyD88~/~ mice were infected with MHV (A and C) or SenV 
(E) or transfected with poly(I- C) (D). (A) MHV titers were determined in cell 
supernatants at 16 hours postinfection as described in Materials and Methods. 
(B) mRNA was harvested from mock-infected BMM, and basal levels of 
IFN-B, MDAS, and RIG-I were measured by real-time qPCR. (C to E) mRNA 
was harvested 16 h after infection or transfection. mRNA levels were measured 
by real-time qPCR. C; ratios to HPRT are shown. MHV induced upregulation 
to a greater extent than poly(I- C) or SenV did (note the differences in scale in 
panels B to E). Two or three replicates were performed in each experiment, and 
one of three independent experiments is shown. Values for IFNAR~/~ or 
MyD88~/~ BMM that were statistically significantly different from the values 
for wild-type cells are indicated as follows: *, P < 0.05; **, P< 0.01. 


ments, since MyD88 is involved in signaling through TLRs but not 
IFNAR. We detected low basal levels of IFN, MDAS, and RIG-I in 
BMM from all mice, although the levels were lowest in IFNAR~/~ 
BMM (Fig. 3B). The levels of IFN-B, MDAS5, and RIG-I mRNA 
were significantly lower in infected IINAR~/~ BMM than in wild- 
type BMM (Fig. 3C). However, the mRNA levels of these mole- 
cules in infected IINAR~/~ BMM were still higher than in mock- 
infected IFNAR~/~ cells (Fig. 3B and C), indicating that virus 
infection directly upregulates IFN-B, MDAS, and RIG-I, but op- 
timal induction requires signaling through the IFNAR. These dif- 
ferences did not result from differences in susceptibility to infec- 
tion because equivalent titers of virus were observed in 
IFNAR~/~, MyD88~‘~, and wild-type (WT) BMM at 16 h p.i. 
(Fig. 3A). Of note, MHV titers are much higher in tissues of 
IFNAR~‘~ mice than in wild-type mice. The lack of difference in 
titers in Fig. 3A may reflect the high multiplicity of infection that 
we used in our experiments or the well-described relative insensi- 
tivity of MHV to IFN signaling in tissue culture cells (13, 14, 37). 

MHV induces IFN production in pDC through a TLR7- 
dependent pathway, which signals through MyD88. TLR7 is also 
expressed in BMM (38). However, we found that type I IFN pro- 
duction in MHV-infected BMM was not dependent on MyD88 in 
agreement with a previous report (24) (Fig. 3C). Further, the levels 
of MDAS5 and RIG-I in MyD88~/~ BMM were approximately 
equal to those found in WT cells, indicating that regulation of 
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FIG4 MHvV infection results in greater cytokine and chemokine upregulation in BMM than in BMDC. 
BMM and BMDC were infected with MHV. (A) mRNA levels of CXKCL10, CCL2, TNF, and IL-12 p40 
were measured by real-time qPCR in BMM and BMDC at the indicated times p.i. ND, not detectable. 
(B) Basal levels of CXKCL10, CCL2, and TNF were measured by real-time qPCR in mock-infected BMM 
and BMDC. C,; ratios to HPRT are shown in panels A and B (note the differences in scale). In panels A 
and B, three or four replicates were performed in each experiment, and one of three independent 
experiments is shown. (C) Protein levels of TNF and IL-12 p70 in BMM were measured by ELISA at 
different times p.i. (D) Protein levels of TNF and CXCL10 in BMM and BMDC were assayed at 24h p.i. 
In panels C and D, one of two independent experiments is shown. Values for BMDC that are signifi- 


BMDC produced very low levels of these 
molecules and did not express type I IFN. 
We also included an additional IFN- 
responsive gene ISG15 (IFN-stimulated 
gene 15) in these assays. Consistent with a 
previous study of lipopolysaccharide 
(LPS)-treated BMM and BMDC (41), we 
found that CXCL10, IL-10, and ISG15 ex- 
pression was dependent on IFNAR, but 
not MyD88, signaling (Fig. 5). TNF, IL-6, 
and IL-12 p40 mRNA upregulation was 
abolished in MHV-infected MyD88~/~ 
cells and was variably dependent upon 
IFNAR signaling: the levels of IL-6 and 
IL-12 p40 were decreased by about 50 to 
80% in IFNAR~/~ BMM (Fig. 5A and B). 
These mRNA data were confirmed by 
measuring the levels of CXCL10, TNF, 
and IL-12 p70 protein in an ELISA 
(Fig. 5C). As in MHV-infected cells, 
CXCL10 expression in SenV-infected or 
poly(I- C)-transfected BMM was also de- 
pendent on IFNAR, but not MyD88. 
However, TNF expression in these sam- 
ples was not dependent on MyD88, con- 
sistent with a previous report showing 
that TNF expression was mediated by di- 
rect MDAS recognition in SenV-infected 
cells (Fig. 5A) (42). IL-6 and IL-12 p40 


cantly different from the value for BMM are indicated as follows: *, P < 0.05; **, P< 0.01. 


these genes in MHV-infected BMM is not dependent on MyD88 
(Fig. 3C). These findings are not unique for MHV, since expres- 
sion of IFNAR, but not MyD88, was also required for expression 
of IFN-8B, MDAS5, and RIG-I in BMM that were either transfected 
with poly(I - C) (Fig. 3D) or infected with SenV (Fig. 3E). 

MHV infection results in upregulation of IFN-dependent and 
-independent cytokines and chemokines to a greater extent in 
BMM than in BMDC. MHV infection induces expression of an array 
of cytokines and chemokines in the infected murine central nervous 
system (CNS), including CXCL10, CCL2 (chemokine [C-C motif] 
ligand 2), TNF, IL-6, IL-10, and IL-12, which play important roles in 
the anti- MHV immune response (39, 40). We next examined 
whether BMM produced these cytokines and chemokines after MHV 
infection and, if so, whether their expression depended upon type I 
IFN production. We found that these genes were upregulated with 
similar kinetics in BMM and BMDC; however, BMM expressed 
much higher levels than BMDC did (Fig. 4A) (data for IL-6 and IL-10 
are not shown). These results were confirmed for TNF, CXCL10, and 
IL-12 p70 at the protein level by performing an enzyme-linked im- 
munosorbent assay (ELISA) (Fig. 4C and D). No IL-12 p70 mRNA or 
protein was detected in BMDC. Of note, basal mRNA levels of 
CXCLI10 and TNF were higher in BMM than in BMDC, while the 
reverse was true for CCL2 (Fig. 4B). Nevertheless, all three were ex- 
pressed at higher levels in BMM during the peak time of infection 
(Fig. 4A), indicating that the differences in basal levels did not explain 
the ability of BMM to produce larger amounts of inflammatory cy- 
tokines and chemokines in response to MHV infection. 

To assess whether the upregulation of these cytokines and 
chemokines was IFN dependent, we analyzed only BMM, since 
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were expressed at very low levels in 
poly(I- C)-treated or SenV-infected BMM, 
so expression of these cytokines was not analyzed further. 

Exogenous IFN enhances expression of cytokines and other 
IFN-dependent molecules in MHV-infected BMM at early but 
not late times p.i. Our results suggested that BMM expression of 
several inflammation-related molecules, including IFN-a/B, 
MDAS, RIG-I, and CXCL10, required signaling through the 
IFNAR. However, from these results, it could not be determined 
whether upregulated expression of these molecules occurred 
solely as a consequence of MHV-induced IFN induction or if 
some aspect of virus replication synergistically enhanced expres- 
sion. Further, the amount of IFN produced in MHV-infected 
BMM was much lower than in SenV-infected cells, raising ques- 
tions as to whether this amount was sufficient to fully upregulate 
these IFN-induced genes. To address these questions, we treated 
mock-infected or MHV-infected BMM with IFN-B and then mea- 
sured mRNA levels of inflammatory molecules by real-time 
qPCR. The cells were treated with IFN-B at 4 h p.i. to minimize 
any effect that IFN treatment might have on virus replication; we 
could not detect any MHV-induced IFN-B RNA or IEN protein at 
this time p.i. (Fig. 1C). We used a high dose of IFN (800 U of 
murine IFN-B) so that any IFN-mediated effects would be readily 
apparent. For comparison, we also treated mock- and MHV- 
infected BMDC and 17Cl-1 cells with IFN, since IFN was barely 
detected at any time p.i. in these cells. IFN treatment did not 
reduce virus titers in any of these cells, when measured at 16 h p.i. 
(Fig. 6A), consistent with previous reports (13, 32, 33). 

To determine whether cytokine production by BMM required 
virus replication, we exposed BMM to UV-inactivated MHV prior to 
treatment with IFN-B. IFN-B treatment did not stimulate expression 
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FIG 5 MHV induces IFNAR-dependent and MyD88-dependent upregulation of cytokines and chemokines. (A) BMM isolated from WT, IFNAR~/-, or 
MyD88~‘~ mice were mock infected, infected with MHV or SenV, or transfected with poly(I- C) for 16 h. mRNA levels of CXCL10 and TNF were measured by 
real-time qPCR. (B) mRNA levels of IL-10, ISG15, IL-6, and IL-12 p40 in mock-infected or MHV-infected BMM isolated from WT, IFNAR~/~, or MyD88~/— 
mice were measured by real-time qPCR at 16 h p.i. ND, not detectable. C; ratios to HPRT are shown in panels A and B (note the differences in scale). (C) Protein 
levels of CXCL10, TNF, and IL-12 p70 were measured by ELISA. Two or three replicates were performed in each experiment, and one of two independent 
experiments (for panel C) or one of three independent experiments (for panels A and B) is shown. Values that are statistically significantly different from the value 


for infected WT BMM are indicated as follows: *, P < 0.05; **, P< 0.01. 


of IFN-B or IFN-a@4 in mock-infected cells or in cells incubated with 
UV-inactivated virus, demonstrating that only active virus replica- 
tion could initiate IFN-a/B production (Fig. 6B). Treatment with 
IFN-B enhanced IFN production in MHV-infected BMM at 8h p.i. 
(Fig. 6B), which suggests that the levels of MHV-induced IFN were 
insufficient to maximally increase IFN-a/f expression at this time p.i. 
However, by 16 h p.i., MHV induced sufficient amounts of IFN so 
that exogenous IFN had no additional effects (Fig. 6B). No IFN pro- 
tein was detected in either MHV-infected BMDC or 17CI-1 cells (32, 
43), but low levels of IFN mRNA were detected at late times p.i. in 
these cells (23). Treatment of MHV-infected BMDC with IFN in- 
duced significantly (P < 0.01) higher levels of IFN-a/B mRNA than 
did IFN-B treatment or MHV infection alone, when measured at 16h 
p.i, although the levels were only about 2% of those observed in 
infected BMM. In 17Cl-1 cells, IFN-a/ was expressed at very low 
levels after infection, even after IFN-B treatment (Fig. 6B). Combined 
with data generated from IFNAR~/~ BMM, these results suggest that 
virus replication is required to initiate production of type I IFN, 
which functions by autocrine signaling to reach maximal levels. 
IFN-f treatment upregulated expression of IFNAR-dependent 
molecules MDAS, RIG-I, CXCL10, and ISG15 in mock-infected 
BMM and BMDC to maximal levels as early as 4 h posttreatment, 
and the level remained constant over the next 8 hours (Fig. 6C and 
D). In contrast, expression of these molecules was minimal in 
MHV-infected BMM at 8h p.i. but increased over the following 12 
to 16h p.i. (Fig. 2B and C, 4A, and 6C and D). Exogenous IFN-B 
treatment enhanced expression of these molecules compared to 
MHV infection alone at 8 but not 16 h p.i., again suggesting that 
the amount of IFN produced by infected BMM was sufficient for 
maximal expression at later times p.i. (Fig. 6C and D). We de- 
tected much higher mRNA levels of MDA5 and RIG-I in MHV- 
infected BMM at 16 h p.i. than in IFN-B-treated mock-infected 
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cells, although the IFN level induced by MHV was actually lower 
than 800 U (Fig. 1A and B). This likely occurred because MDA5 
and RIG-I recognize viral PAMPs and directly upregulate expres- 
sion of these IFN-dependent molecules via a positive-feedback 
loop. Additionally, these results also suggest that the effects of IFN 
on neighboring uninfected cells do not account for the elevated 
levels of IFN, MDA5, and RIG-I detected in these cultures after 
MHYV infection, since the levels were substantially greater than 
those observed after IFN treatment of mock-infected cells. 

In contrast, mRNA expression of MDA5, RIG-I, CXCL10, and 
ISG15 was lower at 16 h p.i. in BMDC than after IFN treatment 
alone (Fig. 6C and D). No IEN protein was produced at any time 
after MHV infection in BMDC or 17C1-1 cells, so exogenous IFN 
greatly enhanced expression of these genes in both cell types. The 
lower levels observed in infected BMDC resulted only in part from 
an inability to produce IFN because even when we treated these 
cells with IFN-B, cytokine expression was still much lower than 
detected in MHV-infected BMM (Fig. 6C and D). Furthermore, 
virus replication and IFN acted synergistically only in enhancing 
CXCL10 expression, with maximal levels obtained when MHV- 
infected BMDC or 17ClI-1 cells were treated with IFN. Consistent 
with analyses of IFNAR~‘~ cells (Fig. 5A), TNF expression was 
not upregulated by IFN treatment in any cell type in the presence 
or absence of MHV infection (Fig. 6E). 

Finally, we measured CXCL10 protein levels by an ELISA and, as 
expected, observed increased production of CXCL10 in infected cells. 
However, CXCL10 protein levels in MHV-infected BMM were com- 
parable to those in IFN-treated mock-infected cells, even though 
mRNA amounts in MHV-infected cells were appreciably higher at 
16 h p.i. (compare Fig. 6D with Fig. 7A). IFN treatment of MHV- 
infected BMM, BMDC, and 17Cl-1 cells did not increase CXCL10 
protein production compared to IFN treatment alone. These results 
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FIG6 Exogenously added IEN is required for maximal levels of cytokine and chemokine expression in BMM at 8 h p.i. and in BMDC and fibroblasts at 16 h p.i. 
BMM, BMDC, and 17Cl-1 cells were infected with MHV. Some samples were treated with 800 U of IFN- at 4h p.i. (A) Supernatants were harvested at 16 h p.i., 
and virus titers were measured. (B to E) RNA was prepared from mock-infected or MHV-infected BMM, BMDC, or 17Cl-1 cells at 8 or 16 h p.i. mRNA levels of 
type I IFN (IFN-B and IFN-a4) (B), RNA helicases (MDA5 and RIG-I) (C), IFN-dependent genes (CXCL10 and ISG15) (D), and an IFN-independent gene 
(TNE) (E) were measured by real-time qPCR. To determine whether upregulation required active virus replication, BMM were exposed to UV-inactivated virus 
prior to IFN treatment, and the levels of select genes were determined (shown in the boxes to the right of the graph for BMM 16-h sample graphs). C; ratios to 
HPRT are shown. All genes were induced to higher levels in BMM than in BMDC or 17Cl-1 cells (note the differences in scale). Three or four replicates were 
performed in each experiment, and one of three independent experiments is shown. Values that were statistically significantly different from the values for cells 


infected with MHV and treated with IFN are indicated as follows: *, P < 0.05; **, P< 0.01. 


likely reflect MHV-induced inhibition of host cell protein synthesis, 
mediated in part by nsp1 (11, 14, 34, 35). Of note, expression of the 
MyD88-dependent molecule TNF was not upregulated by IFN treat- 
ment in mock-infected or MHV-infected cells (Fig. 7B), consistent 
with the real-time qPCR data shown in Fig. 6E. 


DISCUSSION 


The ability of coronaviruses to induce an interferon response in some 
cells and not others is not well understood. BMM and BMDC are 
derived from the same BM progenitor cells in the presence of differ- 
ent cytokines, but they show substantial differences in type I IFN 
production and in cytokine and chemokine profiles (41, 44). Here, 
we show that maximal IFN production in murine coronavirus- 
infected BMM requires signaling through the IFNAR (Fig. 3C). We 


could detect small amounts of IFN mRNA but not protein in MHV- 
infected BMM at 8h p.i. (Fig. 1). However, IFN may have been pro- 
duced at low levels at this early time p.i. but immediately depleted by 
binding to the IFNAR. In support of this, in a prior study, basal ex- 
pression of IFN by BMM was detected when IFNAR~/~ but not WT 
BMM were examined by an ELISA (41). Together, these results sug- 
gest that a very small amount of IFN produced initially following 
infection effected a large increase in the levels of IFN and other in- 
flammatory molecules via autocrine signaling. However, treatment 
of uninfected BMM with exogenous IFN did not induce the same 
level of expression of some of these molecules as occurred in MHV- 
infected cells at 16 h p.i. (Fig. 6). Thus, active virus replication induced 
cytokine and chemokine expression via additional pathways in 
BMM. Furthermore, these molecules were largely produced by in- 
fected cells and not neighboring uninfected 
cells. 

It is likely that MDAS is involved in 


A CXCL10 B TNF : : ‘ 
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FIG 7 Exogenously added IFN enhances expression of CXCL10 but not TNF. BMM, BMDC, and 
17Cl-1 cells were infected with MHV with (+) or without (—) IFN-f treatment at 4h p.i. The levels of 
CXCL10 (A) and TNF (B) protein were determined by an ELISA. One of two independent experiments 
is shown. Values that were significantly different from the values for MHV-infected, IFN-treated cells 


(P < 0.01) are indicated (**). 
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ter infection via an IFN-dependent path- 
way, providing additional pathogen rec- 
ognition receptors (PRRs) for detecting 
virus replication products. By late times 
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p.i., sufficient levels of IFN were synthesized so that exogenously 
added IFN had no effect on the levels of any molecules that were 
examined. Similar effects were observed in BMDC and 17Cl-1 
fibroblasts, but in these cells, no or very small amounts of IFN 
mRNA (Fig. 6B) and no protein (18, 23, 32, 33) were produced 
endogenously. Consequently, in both cell types, exogenous IFN 
treatment significantly upregulated expression of MDAS, RIG-I, 
CXCLI10, and ISG15. These results are consistent with recent re- 
ports showing that IFN priming prior to tissue culture cell infec- 
tion with SARS-CoV resulted in augmented expression of several 
molecules involved in IFN induction and signaling pathways, in- 
cluding CXCL10, RIG-I, MDAS, IRF-7, IFN-B, ISG15, and 2’,5’- 
oligoadenylate synthetase 1 (OAS1) (45). Analogous results were 
obtained when human conventional DC were primed with IFN 
prior to infection with influenza A virus (IAV) (46). Collectively, 
our results suggest that IFN is critical for maximal expression of 
these proinflammatory mediators, but unlike MHV-infected 
BMDC or 17Cl-1 cells, sufficient amounts of IFN are expressed 
endogenously viaan MDA5-dependent pathway in infected BMM 
to initiate the process. 

The enhanced responsiveness of BMM compared to BMDC or 
fibroblasts to MHV infection also occurs after exposure to other 
stimuli. The levels of IFN-dependent proinflammatory cytokines 
and chemokines, such as CCL2, CCL5, and CXCL10, were higher 
in BMM than in BMDC after stimulation with LPS (44). This 
increased sensitivity to MHV infection is not likely to be a func- 
tion of differences in basal levels because baseline levels of MDA5 
and RIG-I are only 2-fold higher in BMM than in BMDC 
(Fig. 2A); both cell types should have responded nearly equiva- 
lently to infection, if basal levels of MDAS5 were the only factor. On 
the other hand, MDAS levels are extremely low in 17Cl-1 cells 
(Fig. 6C) (24), and this may have contributed to the inability of 
these cells to produce IFN and other IFN-dependent proteins. 
Another possible explanation for the difference in IFN expression 
in infected BMM compared to BMDC or fibroblasts is that virus 
replication could occur on different types of membranous struc- 
tures in the different cell types. MHV is known to replicate on 
double-membrane vesicles (DMV) and other intracellular mem- 
branes (20). DMV may shield viral dsRNA from detection by 
MDaA5 and RIG-I, so differences in the numbers of DMV or in the 
types of membranous structures used in replication could poten- 
tially contribute to differences in PAMP recognition and subse- 
quent IFN induction. However, we detected no obvious differ- 
ences in the types of virus-specific membranous structures 
observed in BMM compared to other cells when analyzed by elec- 
tron microscopy (data not shown); if anything, the numbers of 
DMV in infected BMM were increased more than in other cells, 
probably reflecting the more rapid course of infection observed in 
these cells (Fig. 1D). Thus, an outstanding question is how the 
milieu of resting macrophages differs from those of BMDC and 
fibroblasts, enabling rapid and extensive upregulation of IFN-a/B 
and other proinflammatory molecules after infection with coro- 
naviruses. 

While a type I IFN amplification loop is critical for maximal pro- 
duction of IFN and other molecules such as CXKCL10, some aspects of 
the innate response in MHV-infected BMM are not IFN dependent. 
Thus, expression of TNF, IL-12, and IL-6 (Fig. 5) is completely de- 
pendent upon signaling through MyD88. MyD838 is a key adaptor 
molecule in signaling pathways used by IL-1, IL-18, and all of the 
TLRs except TLR3. We examined the expression of TLR2, -3, -4, -6, 
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and -7 and found that they were expressed at low levels in uninfected 
BMM and upregulated after MHV infection (data not shown). 
Therefore, signaling through one of these molecules could initiate the 
expression of these MyD88-dependent cytokines. In fact, IL-6 and 
TNE production in peritoneal macrophages infected with the hepa- 
totropic MHV-3 strain is TLR2 dependent (47). However, in prelim- 
inary experiments, we detected the same levels of TNF and IL-6 in 
MHV-A59-infected B6 and TLR2~/~ BMM, suggesting that TLR2 
does not have the same critical role in BMM as observed in MHV-3- 
infected peritoneal macrophages. Consistent with this putative cell- 
specific difference in expression, splenic macrophages but not BMM 
produce TNF in response to TLR2 ligands (48). 

The relative importance of IFN production by macrophages 
compared to pDC is not known in MHvV-infected mice. 
Cervantes-Barragan et al. showed that pDC depletion diminished 
IFN-a@ production by approximately 10-fold in mice with MHV- 
induced hepatitis (23). Type I IFN-mediated protection of MHV- 
infected mice occurred via effects on macrophages and conven- 
tional dendritic cells (cDC) because deletion of IFNAR from 
macrophages and cDC but not nonhematopoietic or other hema- 
topoietic cells resulted in severe liver disease (49). Thus, it is pos- 
sible that IFN produced by infected macrophages at sites of infec- 
tion is critical in protecting neighboring macrophages and DC 
from infection and in priming all cells in the CNS and other sites of 
infection for subsequent IFN and cytokine production. 

Taken together, our results show that macrophages, long con- 
sidered a major target for infection with MHV, use both IFNAR- 
dependent and -independent pathways to enhance the inflamma- 
tory milieu at sites of infection and that these pathways are 
preferentially activated in these cells compared to DC or fibro- 
blasts. Combined with previous studies (50), they suggest that 
macrophages are an attractive target for modulating the immune 
response to enhance virus clearance while minimizing immuno- 
pathological disease. 


MATERIALS AND METHODS 


Viruses and cell cultures. MHV-A59 (MHV) was grown on 17Cl-1 cells, 
and the titers of the virus on HeLa cells expressing CEACAM1 (carcino- 
embryonic antigen-related cell adhesion molecule 1), the MHV receptor 
(51), were determined as previously described (52). The cells were in- 
fected with MHV at a multiplicity of infection (MOI) of 5 or, as a control, 
with 100 hemagglutination activity units of Sendai virus (SenV) (Cantell 
strain; Charles River Laboratories, Wilmington, MA). 17Cl-1 cells were 
cultured in medium consisting of Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 5% fetal calf serum (FBS), 5% tryptose 
phosphate, and 1% penicillin-streptomycin. 

In some experiments, bone marrow-derived macrophages (BMM) 
were transfected with 20 wg/ml poly(I- C) (InvivoGen, San Diego, CA) 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). In some exper- 
iments, mock-infected or MHV-infected BMM, bone marrow-derived 
dendritic cells (BMDC), or 17Cl-1 cells were treated with 800 U of 
murine IFN-B (PBL Biomedical Laboratories, Piscataway, NJ) at 4h 
p.i., and either cells (mRNA) or supernatants (protein) were harvested 
at 8hor l6hp.i. 

Mice. Pathogen-free C57BL/6 mice were purchased from the National 
Cancer Institute (Frederick, MD). Mice deficient in IFN-a/B receptor 
expression (IFNAR~/~) or in MyD88 expression (MyD88~/~) were 
kindly provided by John Harty (University of Iowa, Iowa City, IA) or by 
Shizuo Akira (Osaka University, Osaka, Japan) and Madhu Singh (Uni- 
versity of Iowa, Iowa City, IA), respectively. 

Generation of BMM and BMDC. Primary bone marrow cells were 
isolated from the hind limbs of WT, IFNAR~/~, or MyD88~/~ C57BL/6 
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TABLE 1 Primers for quantitative reverse transcription-PCR 


Sequence for: 


Gene Forward 5’ primer Reverse 3’ primer 

HPRT GCGTCGTGATTAGCGATGATG CTCGAGCAAGTCTTTCAGTCC 
IFN-B CCCTATGGAGATGACGGAGA TCCCACGTCAATCTTTCCTC 
IFN-a4 TCCATCAGCAGCTCAATGAC AGGAAGAGAGGGCTCTCCAG 
MDA5 CGATCCGAATGATTGATGCA AGTTGGTCATTGCAACTGCT 
RIG-I CAGACAGATCCGAGACACTA TGCAAGACCTTTGGCCAGTT 
IL-12 p40 GAAGTTCAACATCAAGAGCAGTAG AGGGAGAAGTAGGAATGGGG 
CCL2 AGCACCAGCCAACTCTCACT TCATTGGGATCATCTTGCTG 
CXCL10 AAGTGCTGCCGTCATTTTCT TTCATCGTGGCAATGATCTC 
ISG15 GGCCACAGCAACATCTATGA CGCAAATGCTTGATCACTGT 
TNF GAACTGGCAGAAGAGGCACT AGGGTCTGGGCCATAGAACT 
IL-6 ACAACGATGATGCACTTGCAGA GATGAATTGGATGGTCTTGGTC 
IL-10 TGGCCCAGAAATCAAGGAGC CAGCAGACTCAATACACACT 


mice as previously described (32). BMM were cultured in DMEM supple- 
mented with 10% FBS, 10% L929 cell-conditioned medium (as a source 
for macrophage colony-stimulating factor [M-CSF]), 1 mM sodium 
pyruvate, and 1% penicillin-streptomycin. The cells were harvested 7 days 
after plating and were >90% pure (CD11b* CD11c), as determined by 
flow cytometry. BMDC were grown in RPMI 1640 medium supplemented 
with 10% FBS, 1.0 mM HEPES, 0.2 mM t-glutamine, 1% penicillin- 
streptomycin, 1 mM sodium pyruvate, 0.02 mM 2-mercaptoethanol, 
1,000 U/ml recombinant granulocyte-macrophage colony-stimulating 
factor (GM-CSF) (BD Pharmingen, San Diego, CA), and 25 U/ml recom- 
binant interleukin-4 (IL-4) (PeproTech, Rocky Hill, NJ). The cells were 
used after 7 days of culture and were >80% pure (CD11b*t CD11ct) as 
determined by flow cytometry. 

Real-time quantitative PCR (qPCR) analysis. RNA was isolated from 
BMM, BMDCG, or 17Cl-1 cells using Trizol (Invitrogen). The levels of 
mRNA of genes of interest were determined by real-time qPCR as previ- 
ously described (43). Primers are listed in Table 1. Cycle threshold (C;) 
values were normalized to the values for the housekeeping gene hypoxan- 
thine phosphoribosyltransferase (HPRT) by the following equation: C; = 
Cr (gene of interest) — Cr (prt): All results are shown as a ratio to HPRT 
calculated as —2°7. 

IEN bioassay. The levels of IFN were measured using a bioassay based 
on the inhibition of vesicular stomatitis virus (VSV) growth in L929 cells. 
Supernatants were harvested from infected BMM or BMDC, and infec- 
tious virus was inactivated by exposure to UV light. L929 cells infected 
with 10,000 PFU VSV were treated with dilutions of supernatants or de- 
fined amounts of recombinant murine IFN-B at 30 min p.i. The titers of 
VSV were determined on Vero cells. IFN levels were calculated on the 
basis of standard curves generated with recombinant IFN-B. 

ELISA. To measure the protein levels of cytokines of interest, super- 
natants were harvested from mock-infected or MHV-infected BMM or 
BMDC and analyzed for CXKCL10 (PBL Biomedical Laboratory) or IL-12 
p70 or TNF (eBioscience, San Diego, CA) by an ELISA per the manufac- 
turer’s instructions. 

Statistics. A Student’s t test was used to analyze differences in mean val- 
ues between groups. All results are expressed as means + standard errors of 
the means (SEM). P values of <0.05 were considered statistically significant. 
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